no effect on coronary flow or transcapillary exchange in comparison with the control situation, but it abolished the increase in coronary flow and in the permeability/surface area product for labeled sucrose produced by carotid occlusion. High coronary resistance values in ,3-blocked animals with carotid occlusion were associated with a high degree of heterogeneity in capillary transit times, but the overall relation between coronary flow and the capillary permeability/ surface area product was unchanged. The findings indicate that /3-blockade increases coronary resistance during sympathetic stimulation and, simultaneously, decreases the coronary blood flow and capillary permeability/surface area product while increasing the heterogeneity of capillary transit times. (Circulation Research 1991;68:997-1006) I ncrease in coronary blood flow during cardiac sympathetic stimulation represents the expected response of the coronary circulation to the increased demand for metabolites.' The decrease in coronary vascular resistance that results in this coronary flow increment is an efficient macrovascular mechanism providing for the nutritional requirements of the heart. The microcirculation has also been shown to participate in the homeostatic adjustments occurring during cardiac adrenergic activation.2 Multiple indicator dilution experiments in dogs have shown that the capillary permeability/surface area product increases simultaneously with coronary flow during cardiac sympathetic stimulation, increasing the delivery of nutrients to the interstitial space and muscle cells of the heart.
Cardiac Microcirculatory Effects of -Adrenergic Blockade During
Sympathetic Stimulation Daniel F. Cousineau, Carl A. Goresky, Colin P. Rose, and Andreas J. Schwab
The effects of /3-adrenergic blockade on cardiac transcapillary exchange were examined at rest and during sympathetic stimulation. Multiple indicator dilution experiments were carried out in closed-chest anesthetized dogs at rest and during carotid occlusion, either under basal conditions or after fJ-adrenergic blockade with alprenolol. jB-Adrenergic blockade at rest had no effect on coronary flow or transcapillary exchange in comparison with the control situation, but it abolished the increase in coronary flow and in the permeability/surface area product for labeled sucrose produced by carotid occlusion. High coronary resistance values in ,3-blocked animals with carotid occlusion were associated with a high degree of heterogeneity in capillary transit times, but the overall relation between coronary flow and the capillary permeability/ surface area product was unchanged. The findings indicate that /3-blockade increases coronary resistance during sympathetic stimulation and, simultaneously, decreases the coronary blood flow and capillary permeability/surface area product while increasing the heterogeneity of capillary transit times. (Circulation Research 1991;68:997-1006) I ncrease in coronary blood flow during cardiac sympathetic stimulation represents the expected response of the coronary circulation to the increased demand for metabolites.' The decrease in coronary vascular resistance that results in this coronary flow increment is an efficient macrovascular mechanism providing for the nutritional requirements of the heart. The microcirculation has also been shown to participate in the homeostatic adjustments occurring during cardiac adrenergic activation.2 Multiple indicator dilution experiments in dogs have shown that the capillary permeability/surface area product increases simultaneously with coronary flow during cardiac sympathetic stimulation, increasing the delivery of nutrients to the interstitial space and muscle cells of the heart.
The coronary vasodilatation during cardiac sympathetic stimulation results from a ,B-adrenergic-mediated increase in chronotropic and inotropic activity.' Although the simultaneous activation of a-adrenergic receptors provides a simultaneous constrictive influence on the coronary vasculature, the P-adren-ergic-induced activation of cardiac metabolism predominates and the net change during sympathetic stimulation is ordinarily an increase in coronary flow.1 Hemodynamic conditions differ, however, after ,t-adrenergic blockade, which prevents the inotropic and chronotropic effects of sympathetic activation. 3 The local vasodilatory response no longer occurs and coronary resistance is not lowered; at the same time, the a-adrenergic constriction of the coronary arteries induced by sympathetic stimulation is left unopposed, increasing the coronary resistance. 3 Although the changes produced in large cardiac vessels by 3-adrenergic blockade during sympathetic stimulation are well known,' the events occurring in the microcirculation have been less well documented. ,3-Adrenergic blockers are widely used drugs, and it is therefore pertinent to examine the cardiac microcirculatory responses to adrenergic activation during the administration of these pharmacological agents.
Using the multiple indicator dilution approach, we examined the effect of 3-adrenergic blockade on capillary exchange at rest and during sympathetic activation. Dilution studies were carried out in closed-chest dogs, with catheters placed atraumatically under fluoroscopy in coronary arteries and coronary sinuses. Bilateral carotid occlusion has been found to activate the peripheral sympathetic nervous system in dogs,4 and we therefore used this maneuver to activate the adrenergic system. The ,-adrenergic blocker alprenolol was administered at rest and during carotid occlusion, and dilution studies were performed to characterize the capillary exchange parameters. The approach used provided a description of how the microcirculation responded during the changes provoked by f8-blockade, at rest and during sympathetic stimulation.
Materials and Methods Mongrel dogs, weighing between 7 and 23 kg, were anesthetized with pentobarbital (30 mg/kg). The main stem or circumflex branch of the coronary artery was catheterized via a carotid artery under fluoroscopy with an angiographic catheter, and the coronary sinus was catheterized via the right jugular vein.
The materials to be injected were made up as follows: 6 ml injection mixture, adjusted to the same hematocrit as that of the dog, contained 0.05 mCi 1251-labeled albumin (Charles E. Frosst, Montreal), a reference substance that does not leave the coronary circulation within a single passage, and 0.1 mCi [U-'4Cjsucrose (New England Nuclear, Boston), a diffusible substance that leaves the circulation to enter the interstitial space during its passage through the heart (these are the same materials used in previous studies2,5; results will therefore be able to be compared). The detailed protocol for a dilution experiment was as follows. A column of 0.75 ml mixture was rapidly flushed through the input catheter. Simultaneously, a collection rack was started and successive samples were collected from the coronary sinus at the rate of 1-1.50 samples/sec.
The effects of ,B-adrenergic blockade in the canine heart were examined at rest and during sympathetic stimulation. Multiple indicator dilution studies were carried out in two groups of resting dogs (control groups) 20 minutes after the injection of either saline or alprenolol at a dose of 1 mg/kg. Dilution studies were then also carried out in two other groups of dogs, receiving either saline or alprenolol, 5 minutes after bilateral occlusion of the carotid arteries, a maneuver that stimulates peripheral sympathetic fibers. 4 Sample preparation and assay were carried out as follows. A volume of 0.1 ml from each heparinized blood sample collected during the dilution study was diluted with 1.5 ml saline, pipetted into a counting tube, and assayed for radioactivity in a y-ray spectrometer set for the photopeak characteristic of 1251. The proteins were then precipitated with 0.2 ml trichloroacetic acid, and 0.2 ml supernatant fluid was pipetted into a scintillation cocktail and assayed for 14C activity in a liquid scintillation counter. Samples from the injection mixture, diluted with blood, and crossover standards, containing only one isotopic activity or the other, were treated identically. From these data, the activities of each of the tracer species in each sample were resolved. To normalize the activity resulting from each of the tracers with respect to that of the others (for the purposes of our later analysis), the outflow activity of each tracer was divided by the total activity injected. The resulting value is a fraction of the total tracer activity injected per milliliter of venous blood.
Forms and Analysis of the Dilution Curves
Sets of normalized coronary sinus dilution outflow curves for an animal after occlusion of the carotid arteries before and after the injection of the fl-blocker alprenolol are shown in the upper two panels of Figure 1 . Because the activity of each tracer is expressed as a fraction of the injected activity, the ordinate value corresponds to an outflow fraction of the injected material per milliliter of blood, with dimensions per milliliter; the abscissal value is time, expressed in seconds. With this kind of normalization, the areas under the rectilinear (second panel) curves for tracers completely recovered at the outflow are the same and, from conservation, the product of flow and the area under the curve for a completely recovered tracer will be equal to the total activity injected (with the normalization, this is unity and is dimensionless). The area under the curve for completely recovered indicators then varies inversely with flow. In the illustration, the labeled albumin curve rises to the earliest and highest peak and decays most rapidly. The labeled sucrose curve appears at the same time, rises somewhat more slowly to a much lower peak, and decays more slowly, so that its downslope crosses that of the labeled albumin curve.
The relations between the outflow dilution curves can be interpreted qualitatively in the following way. Labeled albumin, the intravascular reference substance, occupies the plasma space in blood and does not leave the capillary to any significant degree during a single passage. Its outflow pattern is shaped solely by the distribution of transit times in the large or nonexchanging vessels and the capillaries or exchanging vessels. Sucrose occupies a space in plasma identical to that of the labeled albumin but permeates the capillary barrier via aqueous channels to enter the interstitial space. It serves as an interstitial or extracellular space reference. Early in time, the sucrose curve is reduced in relation to the albumin curve because of loss from the capillary and then, later in time, the labeled sucrose returns to the capillary to emerge in a delayed fashion at the outflow. The later components of the labeled sucrose curve, emerging at the outflow after most of the labeled albumin has left the organ, then cross over and are found above the tail of the labeled albumin curve. The cumulative semilogarithmically extrapolated recovery under the sucrose curve is equal to that under the albumin curve.
The data from the indicator dilution studies can be approached in two ways: from a general stochastic viewpoint and from that of learning about the microcirculatory bed from the relations between the vascular reference and diffusible tracer curves. From the first point of view, we see, from a comparison of the two runs on a single animal shown in In the toppanels, the outflowfraction per milliliter versus time data areplotted in semilogarithmic format and, in the second panels, in rectilinear format. In the third panels, instantaneous extractions are plotted against time, and in the bottom panels, the natural logarithms of the ratios of albumin:sucrose outflow fractions per milliliter are plotted against time. olol), that the obvious change after fl-blockade, during sympathetic stimulation, is an overall increase in the transit times and dispersion of the curves and an increase in the areas under the two curves, the latter corresponding to a decrease in coronary plasma flow. Flow values before and after fl-blockade were 0.172 and 0.053 ml/sec/ml interstitial space (or 1.52 and 0.47 ml/min/g) (see Reference 2), respectively. Coronary resistance increased after /3-blockade from a value of 9.71 mm Hg second to a value of 23.16 mm Hg second. The large increase in coronary resistance after alprenolol represents the expected macrocirculatory change produced by fl-adrenergic blockade during sympathetic stimulation.
With the multiple indicator dilution technique approach, it becomes possible to examine the microcirculatory events occurring under these conditions. The multiple indicator dilution data need to be interpreted by use of a model. The model assumes that the process of exchange along each capillary is distributed in space (that is, it is described by a partial differential equation), plug flow occurs in the capillary, a resistance (that is, a finite permeability) to the exchange of the diffusible tracer sucrose is present between vascular and interstitial spaces, diffusion along the length in the direction of flow is negligible, and the radial gradient in the interstitial space is negligible, because of its small dimensions.6,7 The expected diffusible tracer outflow profile depends on the permeability/surface area product for the exchanging capillary surface and the space of distribution (capillary plus interstitial) available to the tracer. The outflow profile is made up of a vascular throughput component, which represents tracer that has not left the capillary, and an exchanging component, which represents tracer that has entered the interstitial space and returned from it. The throughput component corresponds to the vascular reference, damped by the expression exp [-(PS,/V,)r,l where P is the capillary permeability, SC is the capillary surface area, V, is the capillary exchange volume, and rc is the capillary transit time (the ratio of volume V, to capillary flow Fc). It is appropriate to note that the quotient PSc/Vc will be expected to be relatively constant. For the whole organ, a multicapillary model has been developed7 in which the throughput and returning components from all capillaries are summed. Experimentally, systematically good fits to whole curves were attained only by including the heterogeneity of transit times (that is, a variation in r, values with time), and the parameter values obtained by fitting whole curves were found to be sufficiently different from approximations derived from using only the early parts of the curves (upslopes or peaks, for instance), so the latter cannot ordinarily be regarded as providing secure estimates. 2 The multicapillary modeling is based on the premise that the system is composed of parallel units consisting of large vessels and groups of capillaries, with flow coupling in each unit. In a system with a homogeneous structure, variation in local flows then results in a variation in capillary transit times; outflow times will then be expected to sequence outflow capillary transit times in increasing order.7,8 The parameters arising from the analysis then become plasma flow, the permeability/surface area product for exchange, the extracellular space, and an index of the degree of heterogeneity, or some combination of these. Now let us further examine the interrelations between the dilution curves. The rising part of the diffusible label curve, or early throughput, tends to be free of returning material, so upslope relations will tend to reflect capillary transit time or r, values as a function of time. For the examination, first define, from the outflow labeled albumin and sucrose tracer profiles, an instantaneous tracer extraction, E, as a function of the time, t,
where C(t)diff is the outflow fraction per milliliter for the diffusible label sucrose and C(t)ref is the outflow fraction per milliliter for the vascular reference albumin. The third panel in Figure 1 shows the instantaneous extraction values plotted against time during the sympathetic stimulation induced by carotid occlusion, before and after /3-blockade. After carotid occlusion, before the injection of alprenolol, the instantaneous extraction rose to a relatively flat peak, with a maximal value of 0.44, and then decreased rapidly as tracer returned to the circulation. This form corresponds to that previously found with sympathetic stimulation. 2 The change in extraction (the apparent change in capillary transit times) along the upslopes of the dilution curves is relatively small; it is much reduced in comparison to what is found in the control nonstimulated situation. 2 The data are different after 8-blockade; the early extraction values increase along the upslope by a factor of 3 to reach a maximum of 0.63. The increase in extraction values with time may be taken to indicate that there is an increase in capillary transit times along the dilution curves with time. The form of the curve now corresponds to that observed in the control nonstimulated situation.2 It becomes evident that it is inappropriate to use single extraction values for calculation of the permeability/surface area product and that incorporation of the heterogeneity of capillary transit times is required for analysis of the data. The analysis of the early data can also be approached in another way. At these times, when the returning components of the sucrose curves are not yet of significant magnitude, the following relation applies:
where Cref(t) and Cdiff(t) are the outflow fractional recoveries of labeled albumin and sucrose, and r,(t) is the mean (at time t) value for the capillary transmit time. A rising relation with time is expected, which will deviate downward with the arrival of tracer at the outflow. With this kind of representation, an early linear relation has been found with time. In the analysis, the relation has been extrapolated across the whole outflow interval. The justification for the extrapolation lies in the finding that such a function exists at an experimental level. Rose and Goresky8 found that when substrate consumption by the working heart was increased by the infusion of the oxidative phosphorylation uncoupling agents dinitrophenol or flavaspidic acid, the returning components of labeled palmitate curves disappeared and, with this, the ln[Cref(t)/Cdiff(t)] function increases linearly across the whole time course of the set of dilution curves. In fitting the data, two optimized parameters describing the function will be found: a', the value at its time of appearance, and b', the rate at which the function initially increases with time. The parameter a' is dimensionless, and b' has the dimensions of per second. The kind of initial slope in the natural logarithm ratio-time plot found in the present data is illustrated in the bottom panel of Figure 1 . The increase in the initial slope of the function in the sympathetically stimulated preparation, after administration of the p-blocker, is evident.
In the present kind of experimental preparation, tracer will occasionally spill out of the left coronary ostium and not traverse the heart. Under these circumstances, conservation of matter cannot be used to calculate flow. We had previously found that the interstitial space accessed by tracer sucrose remains constant over the flow range encountered in vivo. 9 We therefore optimized, in the multicapillary modeling, flow and permeability/surface area product parameters, normalized in relation to the interstitial space.7 The optimized parameters are 4, the plasma flow per unit accessible extravascular (that is, interstitial) space, calculated most conveniently as the reciprocal of the difference between the mean transit times of labeled sucrose and albumin, with the dimensions milliliters The rising exponential is illustrated as a solid line in Figure 3 . The asymptotic maximum of the rising exponential fit corresponded to a maximal permeability/surface area product of 0.283 ml/sec/ml interstitial space for sucrose, or 2.50 ml/min/g. However, the upper flow region is not well defined, because there are few points at high 4 values. The fit therefore must be regarded as providing a description over the region of the flow observed, rather than as an absolute description. 4 and k, can be converted to the more commonly used values (ml/min/g) by multiplying by 8.85.2 fused canine heart at rest and during sympathetic stimulation. /3-Adrenergic blockade had no perceptible effects on cardiac transcapillary exchange in the resting dogs. In contrast, /3-blockade abolished the increase in capillary permeability/surface area product induced by sympathetic stimulation while increasing the heterogeneity of capillary transit times. The administration of alprenolol in resting animals in our dilution studies produced no significant changes in coronary flow or coronary resistance.
Discussion
Indicator dilution experiments were performed in closed-chest animals, and catheters were positioned in the heart under fluoroscopy through peripheral vessels. These relatively noninvasive procedures resulted in an unstimulated control state, as previously shown by the measurement of low levels of plasma catecholamines.2 Blockade of /3-adrenergic receptors has been expected to have little effect when the sympathetic tone is low. This provides the apparent explanation for the unchanged values for cardiac hemodynamic parameters measured after the injection of alprenolol at rest. Because capillary heterogeneity and the capillary permeability/surface area product have previously been found to be related to coronary resistance and flow,2,7 it is therefore also not surprising that the capillary exchange parameters were not affected by ,B-adrenergic blockade at rest.
Plasma catecholamine measurement has shown that bilateral occlusion of the carotid arteries in anesthetized dogs activates peripheral sympathetic fibers.12 An elevated adrenergic tone increases cardiac metabolic demand,' and this probably explains the higher coronary flow measured after carotid occlusion in our dilution experiments. This increase in coronary flow was accompanied by an increase in the capillary permeability/surface area product, amplifying the effectiveness with which the coronary circulation delivers substrates to the interstitial space and, ultimately, the myocytes of the heart. A progressive increase in the permeability/surface area product value for sucrose with an increase in coronary flow has been previously described in the endogenously perfused heart.2,5
The introduction of a /3-blocker when the sympathetic tone is elevated results in a drastic change in the myocardial circulation."3 In this situation, /3-adrenergic receptors are no longer stimulated and the metabolic demand is blunted, thus decreasing the need for an increase in coronary flow. In the present study, alprenolol /3-blockade abolished the elevation in coronary flow and increase in capillary permeability/surface area product observed after carotid occlusion in intact dogs. Coronary resistance was nevertheless increased, due at least partially to the unmasking of coronary constriction by an underlying continuing and effective a-adrenergic receptor stimulation. 3 The normalization of coronary flow by alprenolol during carotid occlusion and the increase in coronary resistance were the expected responses to /3-adrenergic blockade during sympathetic stimulation. The multiple indicator dilution data indicated that the increase in permeability/surface area product values ordinarily observed during carotid occlusion no longer occurred after (3-blockade; values were unchanged when compared with control animals examined under basal conditions. The higher coronary resistance measured after (-blockade during sympathetic stimulation had no effect on the relation between flow and permeability/surface area product, suggesting that the resistance vessels in the coronary arteries had little influence on the exchange of sucrose between the vascular and interstitial spaces of the heart. Similar findings were previously obtained in a dilution study during pharmacological dilatation of the coronaries with papaverine at constant coronary flow'3; coronary resistance decreased as a result of the papaverine effect, but permeability/surface area values were unchanged (as was flow), suggesting that the capillary permeability/surface area product was related to flow, independent of the degree of vasodilatation. In that study the heart was perfused through an extracorporeal circuit, and coronary flow was manipulated through variations of the pump pressure and perfusion rate. In the present set of data, acquired in the endogenously perfused heart, the findings were similar. The permeability/surface area product again appeared to be related to flow, independent of the level of coronary resistance.
To assist the reader in visualizing the meaning of changes in the capillary transit time distribution, we have computed an approximation to the standard deviation and relative dispersion of the capillary transit times. Absolute capillary transit times cannot be obtained from the flow-coupled model without some assumption concerning the underlying capillary plasma volume. In general, the capillary volume will not be a fixed value but will change with the degree of capillary recruitment. There is no known method for separating out this value in a given experiment unless maximal capillary recruitment can be assumed; the anatomic volume can then be used. For the sake of comparison, we will assume this to be the case and will use an assumed value for the ratio of interstitial to capillary plasma space, based on a maximal anatomic estimate of capillary volume. Kuikka et a114 calculated an average value of 5.4 for this ratio in the isolated dog heart; we have used this value here. Details of the method of calculation of the standard deviation and relative dispersion of capillary transit times, which can then be used given these assumptions, are presented in the "Appendix." The last four columns of Table 1 Figure 4 shows whole organ and approximated capillary dispersions for the example experiments from the alprenolol and carotid occlusion+alprenolol groups. The exact relation of these dispersions along the time axis is arbitrary, but the shapes are expected to be as illustrated, given the above assumptions.
The relation between coronary resistance and capillary heterogeneity found in the present study corresponds to that described in previous studies of the canine heart.27 In these studies, low values for coronary resistance were associated with low b' values, which have been interpreted to reflect almost uniform capillary transit times and heterogeneity values that are very low. Conversely, high resistance values -1 1 1003 a were related with high b' values, that is, with a large dispersion of capillary transit times or a high degree of heterogeneity. This phenomenon can be explained by examining the flow patterns in a capillary network composed of parallel capillaries joined at random intervals by anastomoses. The input to the network is controlled by precapillary sphincters. During carotid occlusion alone, with increased cardiac output, vasodilatation is important and most of the sphincters are open; there is little tendency for blood to circulate through the anastomoses between the major capillaries, since the intravascular pressure varies little along the capillaries. If these capillaries are of equal length, then their transit times will be similar, explaining why capillary heterogeneity values become quite small. Carotid occlusion in the /3-blocked animal results in a different situation. Vasodilatation is minimal, and only a fraction of the precapillary sphincters are open; some capillaries are perfused and some are not. The pressure differences between the major capillaries are variable and blood circulates more freely between the anastomoses. The pathway lengths for intravascular material, as well as transit times, can vary a great deal, and higher heterogeneity values will result.
The precapillary sphincters undoubtedly control flow, but this is not the major influence on the heterogeneity of capillary transit times. Data for control animals receiving saline and for /-blocked dogs during carotid occlusion provided an interesting comparison: flow was comparable in the two groups of animals, but capillary heterogeneity was significantly higher in the carotid occlusion+alprenolol group. Constriction of a precapillary sphincter in these /3-blocked animals with high coronary resistance would have resulted in only an increase in transit times within a capillary unit; the increase in capillary heterogeneity observed in these dogs occurred because there were also shorter and longer transit time pathways within the network as a whole. The higher heterogeneity of capillary transit times resulted mostly from a varying emphasis of different pathways through the capillary network rather than from overall change in flow.
The capillary heterogeneity index used in this study differs from the flow heterogeneity parameter (the relative dispersion) measured with microspheres. The latter provides an index of relative flow to the volumes of tissue assayed. That approach has shown that dipyridamole-induced coronary dilatation decreases flow heterogeneity during the increased flow found with constant pressure perfusion in the isolated guinea pig heart but increases it during constant flow perfusion.15 Dilution studies have shown that coronary dilatation in the in situ working canine heart similarly decreases capillary heterogeneity during constant flow perfusion but had no effect on capillary heterogeneity during constant pressure perfusion. 13 The similarity in behavior found during constant pressure perfusion is reassuring. The differ-examination. The explanation appears to lie in the much reduced perfusion pressure (28 mm Hg) found with the constant flow vasodilated guinea pig hearts, which was also associated with decreased ventricular performance; the difference was therefore likely due to vascular collapse in the guinea pig preparation. The flow heterogeneity detected by microsphere injection in 40-mg tissue samples from the guinea pig heart probably occurs at a more macroscopic level16 than that at the level of the capillaries, which reflect microcirculatory events. There appears to be a link between the two, however.
Direct visual survey of capillary transit times in muscle in a broad-scale manner has been possible only in skeletal muscle at rest and after an episode of work. Tyml17 has found that, after electrical stimulation-induced contractions, flow increases, the density of perfused capillaries increases, and the degree of heterogeneity of capillary transit times (as defined by the ratio of standard deviation to the mean) decreases. The behavior is analogous to that in the heart during pacing-induced increase in metabolic demand.2
The difference in the distribution of capillary transit times between the two groups of control and carotid occlusion dogs after /3-adrenergic blockade suggests the possibility that intravascular material used capillary pathways in a different fashion. These two groups of dogs had comparable flow values, but in the /3-blocked dogs undergoing sympathetic stimulation, which exhibit increased coronary resistance, shorter and longer capillary transit time pathways appear more frequently perfused than in control animals. However, despite these apparent differences between the two groups of animals, permeability/surface area product values were similar, suggesting that the effect of flow on the capillary permeability/surface area product was independent of variations in capillary transit times and leading to the inference that the perfused capillary pathways, although not their distribution of flows, may in fact remain essentially similar. The permeability/surface area product for the capillary bed thus appears to be a stable architectural feature, related dominantly to flow.'1819 The present data, acquired in the endogenously perfused canine heart, reinforce this general hypothesis.
Thus, although the consequences of /3-adrenergic blockade during sympathetic stimulation were important in the larger coronary vessels and reduced the coronary flow, the blockade had no direct effects on capillary permeability/surface area product in the sense that it did not disturb its linkage to flow. Lower capillary permeability/surface area products were associated with the lower flow. The heterogeneity of capillary transit times increased, however, even though the surface involved in the exchange of sucrose between the intravascular and interstitial spaces of the heart was unaffected. The heterogeneity itself will have effects on the distribution of substrate and oxygen; the tissue levels of these will ence during vasodilatation at constant flow needs also likely become more heterogeneous.
Appendix

Standard Deviation and Relative Dispersion of Capillary Transit Times
We have previously shown that capillary transit time is a linear function of experimental time during the recording of a set of dilution curves. Thus b'
SDcap= SDref kly
where SDcap is the standard deviation of the distribution of capillary transit times, SDref is the standard deviation of the distribution of reference (albumin) transit times, b' is the slope of the logarithmic ratio of albumin to sucrose, kl is the sucrose permeability/ surface area product per unit interstitial space, and y is the ratio of interstitial to capillary plasma space. The mean transit time of the capillaries is given by b' a' Tcap = Tref + kly kly where Zcap and rref are the mean transit times of the distributions of capillaries and albumin reference, respectively, beyond the appearance time, and a' is the ordinate intersection of the logarithmic ratio curve at the appearance time. The relative dispersion of capillary transit times is then given by SDrefb' RDcap=.b a ca '-refb' + a'
Calculation of Standard Deviation of a Monoexponentially Extrapolated Distribution
As a general rule the reference albumin curve must be extrapolated monoexponentially to recover the tracer. The variance, o2ef, of the distribution of albumin transit times is given by the expression 2Tref fa(t-92c(t)dt where c1 is the outflow concentration corresponding to the beginning of the extrapolation. After substitution of the variable, as above, and integration, it can be shown that the second term reduces to Cl (k2t12 +2kt1 -2k2Tt1 + kr2-2kr+ 2) The standard deviation can be calculated from the variance and the integral of the area under the extrapolated curve, 1/2
